Abstract-This paper proposes a suite of sensorless control method based on the state observer for the permanent magnet synchronous motor (PMSM) running either in the steady state or in the transient state. The state observer is firstly designed for the PMSM running in the steady state. Then the paper proposes a transient algorithm based on state observer suitable for the motor in the transient state without phase lag. Besides, the load torque observer is designed when the load torque of the motor is unknown. Finally, simulation results are presented, and verify the effectiveness of the paper's design.
I. INTRODUCTION

I
N order to achieve high-precision and high speed re sponsive control of permanent magnet synchronous motor (PMSM), the realtime position information of the rotor is required by the controller which can be detected by mechanical sensors mounted on the rotor shaft. However, utilizing these sensors will increase the cost and reduce the reliability of the system, and may suffer from some restrictions such as temperature, humidity, and vibration. In order to overcome these shortcomings, a number of researchers have developed the research of PMSMs' control systems based on sensorless control technology. This technology is important to improve the system reliability and environmental suitability, and has been becoming the research focus in the motor control field. So it is of certain theoretical and practical significance to develop the research of the sensorless control technology for the high speed PMSMs.
Sensorless control methods can be mainly classified into the following two types: one is the set of high-frequency (HF) signal injection methods based on the impedance difference of the motor stator, and the other is the set of fundamental excitation methods based on the motor's back electromotive force (EMF).
The former methods are suitable for salient pole motors or non-salient pole motors with saliency effect caused by magnetic saturation [1] - [4] . These methods do not need to know about the motor's fundamental model and parameters, and are effective during zero-and low-speed operations.
The latter methods estimate the rotor position by using the back EMF, so they are suitable during medium-and high speed operations as the amplitude of the back EMF is larger. These methods include direct computing method [5] , [6] , flux observer [2] , [7] -[l3], Extended Kalman filter (EKF) [14] [19], Model reference adaptive control (MRAC) [20] - [25] , and state observer [26] - [28] . State observer has the advantages of simple structure and low noise, so it has been applied to the sensorless control systems of PMSMs [29] - [33] . However, these papers haven't designed the state observers and discussed the effectiveness of their methods in the transient state. Therefore, this paper presents a complete realization process of the state observer for the sensorless control system of PMSM both in the steady and transient states. First, the paper designs the state observer in the steady state. Due to the state observer designed for steady state is unable to track completely upon the motor's rotor posi tion in the transient state, the paper then proposes a transient algorithm based on state observer suitable for the motor in the transient state such as acceleration or deceleration without phase lag. Besides, the load torque observer is designed which is required by the aforementioned transient algorithm when the load torque of the motor is unknown. Finally, simulation results are presented, and verify the effectiveness of this paper's design.
II. DIFFERENTIAL EQUATION MODEL OF PMSM
The PMSM that this paper researches on is surface-mounted (Ld = Lq = L) and has only one pair of magnetic poles (p = 1), so the voltage equations of its stator three-phase windings in the static a(3 coordinate system can be written as where ia, i!3 Ua, U!3 ea, e!3 L dia .
a-and (3-axes stator currents; a-and (3-axes stator voltages; a-and (3-axes stator back EMFs; stator inductance; R stator resistance.
ea and e!3 are given respectively as follows ea = -w'IjJf sine e!3 = w'IjJf cos e where w rotor (electrical) angular velocity; e rotor (electrical) position angle;
'ljJf amplitude of permanent magnet (PM) flux linkage.
(1) and (2) can also be expressed as follows by using vectors where
The mechanical equation of the motor can be expressed as The electromagnetic torque Te is calculated as where iq is the q-axis active current.
III. DESIGN OF STATE OBSERVER IN STEADY STATE
As ea and ei3 contain the information of the rotor angular velocity and position angle, it is obvious to design the back EMF observer. Compared to the stator equation model (5), the state observer for the back EMF can be designed with the following form (11) where the variable with accent ' represents its estimated or measured value, and with accent -represents its estimated or measured error; k is the observer gain. By subtracting (5) from (11), the error equation can be obtained as
To rewrite one equation of (12) in the phasor form as follows By using id = 0 control scheme, the phase angle of j is the same as E. (14) wLim wL D.e = arctan --= arctan k + R (15) kIm + RIm
From Fig. 1 , according to the Pythagorean theorem we can get
Em + RIm + wLIm = Em 
To substitute (l7) and (18) to (16), we can derive the estimation formula for the rotor angular velocity w (20) As w is unable to be measured directly, the w value in (15) should be replaced by w derived from (20) . (14) and (20) can not judge the rotation direction of the rotor, and keep correct only when the rotor is in the forward rotation. This problem can be solved by checking the sign of the result of the difference operation of Bu, which can also be added with a low-pass filter (LPF) to suppress the difference noise, as shown in Fig. 2 . The difference operation is 1 -Z-l in Fig. 2 , not (1 -Z-l ) ITs like others. It can be seen obviously that the value range of X l is (-27 f, 27 f). f (-) is designed to restrict the value range of X2 to [-7 f, 7 fJ, and the graph of function f (-) is shown in Fig. 3 . This transform is effective in almost all of the motor digital control systems (DCS) that the sampling frequency is more than twice as high as the motor's fundamental frequency. Furthermore, it can increase the dynamic response speed further. The time constant of the LPF can be designed small because of low noise of state observer, so it has little effect in the start period of the motor and no effect after that period to the dynamic response characteristics. If dir E {O, I}, (14) and (20) are adopted; if dir = -1, (14) and (20) should respectively be changed into iJu = atan2 ( -eo., e(3) + 7r
IV. DESIGN OF STATE OBSERVER IN TRANSIENT STATE
As known to all, the motor is in the transient state such as acceleration or deceleration before running to the steady state. In addition, the motor has a transient speed change when the load torque has a sudden variation. In these transient states, the state observer designed above is unable to track completely upon the motor's rotor position, which will result in the transient observation error. In order to obtain better observation results in transient state, this section proposes a transient algorithm based on state observer suitable for the transient state without phase lag.
A. Situation That The Friction Coefficient Is Nonzero
In the transient state, the rotor's speed is no longer constant, and related to iq. It is assumed that the rotor accelerates or decelerates under constant iq by considering that the output of angular velocity controller is under saturation. In order to facilitate the analysis, we can also make the assumptions that the current time is zero, and the current rotor angular velocity is w. According to (9) 
Noting a = 'l/.> f and b = k t R , the error equation of (12) can be rewriten as follows dzo.
(28) is difficult to solve. The paper will adopt the method of undetermined coefficients to solve (28) . According to the expression of the inhomogeneous term of the first-order differential equation (28), one particular solution of Zo. can be expressed as
where h to 14 are the undetermined coefficients. By substitut ing (29) to (28), and comparing the like terms of trigonometric functions, we can have
bl,+wooh bI 2 -!.;-+wh-wooh+wooI 4 (w-woo)I 4
From (30) (31) where the expressions at the both ends of the ";::: :; " sign have the same value and first derivative value at zero time. By substituting (31) to (30) , and comparing the like terms of exponential functions, we can have 
The approximation condition is As the electrical time constant is much less than the mechan ical time constant, the dynamic response speed of current is faster than that of position angle. In order to get the value of !1e without jump from (35) with the independent variable of Woo which is calculated from (24) directly by using iq, an LPF is needed to be added for iq before being used to calculate Woo. W is difficult to be solved directly according to (33) , so the Newton's method [34] , [35] in numerical analysis is adopted here for finding the positive-value root of (33) . ( The formula of Newton's method for finding the root of W is , , g( w n)
(39) is an iteration process. If IW n+l -w n l < E (E is a given small positive value), the iteration process is ended, and W n+l is regarded as the root of (37); otherwise, (39) is still executed by replacing n with n+ 1. The flow chart of Newton's method for finding the root of W is shown in Fig. 4 . The W value in If the friction coefficient F is zero, the rotor will rotate at uniform acceleration under constant iq according to (9) , and The error equation of (12) can be rewriten as follows
According to the expression of the inhomogeneous term of the first-order differential equation (44), one particular solution of 
+ (k + R) + (wL)
The approximation condition is (49)
0:
The Newton's method (39) for finding the root of w from (47) is adopted here, where
The w value in (48) should be replaced by w derived from (47). The block diagram indicating the transient algorithm analyzed above is shown in Fig. 6 .
C. Design Of The Load Torque Observer
If the load torque is unknown or variational, W(X) or 0: is unable to be obtained. In this case, in order to adopt the transient algorithm analyzed above, an observer which is used to estimate the load torque is needed to be designed based on (9), and then the values of W(X) and 0: can be calculated accurately. As w is unable to be detected directly, (9) 
The estimated errors are defined as (CJ t m) T (� Tm) T -(w Tm) T . The error equations can be obtained by subtracting (52) from (53) as follows
The existence condition of the observer is derived
The characteristic equation of the observer is (55) (56) If the eigenvalues of the load torque observer are selected as )11 and A 2 (AI, A 2 < 0) respectively, then the value of k1 and kT 2 can be calculated as follows
The greater the absolute values of Al and A 2 are, the faster the observer's rate of convergence is, but the lower the anti interference ability is. So the values of Al and A 2 should be selected appropriately. 
V. SI MULATION RESULTS
This section will present the simulation results of the proposed state observer both in the steady state and the transient state, The parameters of the PMSM and pulse width modulation (PWM) inverter are shown in Table I which are in accordance with the pratical motor's and IPM's parameters in our laboratory, and the parameters of the state observer and the current and velocity proportional-integral (PI) controllers designed for the PMSM are shown in Table II tuned for good performance. The gains of the PI controllers are selected to ensure that the response time of id and iq is about lms, and that of w is about lOms. The gains of the load torque observer are selected to eusure that the response time of estimated load torque T m is about 2ms. The saturation limit outputs of the 68 velocity controller are set to restrict the amplitude of iq, which can avoid the occurrence of overcurrent. The simulation is implemented with the estimated angular velocity and estimated position angle as feedbacks.
A. Validition Of The Steady Algorithm
First, the initial angular velocity Wo and the command angular velocity w * are both set as 2001frad/s to neglect the transient process of the rotor. The simulation waveforms are shown in Fig. 7 . According to Fig. 7(a) and Fig. 7(b) , the rotation direction of the rotor is judged incorrectly before 0.39ms, and correctly after that time, so it can correctly judge the rotation direction after several sampling periods. It can be seen that the estimated position angle and angular velocity curves (green lines) coin cide with the actual curves (blue lines), so the estimated values can track upon the actual values well both in the steady state and the transient state. From Fig. 7(a) , the angular velocity estimated error (red dashed line) is zero in the steady state, and 0.3rad/s (settling time is 0.07s) in the start period respectively. It can also be seen from Fig. 7(a) that the angular velocity overshoot is l.39% in the start period. From Fig. 7(b) , the position angle estimated error (red line) is zero in the steady state, and -1.14 x 1O-3 rad (settling time is 0.06s) in the start period respectively. Through analysis of the simulation results, we can see that the state observer works very well in any operation state, and has an excellent anti-disturbance capability to the load torque.
In order to verify the effectiveness of the judgement of rotation direction, the initial angular velocity Wo and the command angular velocity w * are then both set as -200Jrfad/s, and the simulation waveforms are shown in Fig. 8 . The waveforms in Fig. 8 are almost opposite to Fig. 7 , so the detailed analysis of the simulation waveforms of Fig. 8 is not developed and can refer to The initial angular velocity Wo is set as 1001frad/s, and the command angular velocity w * is set as 2001frad/s. If F > 0, the transient algorithm and the steady algorithm are adopted here respectively for the motor under acceleration to compare the simulation results with each other. As the upper saturation limit of the velocity controller is set as 8A, the
(a) angular velocity and estimated error It can be seen from Fig. 9(a) that the settling time of I'm is about 2.2ms. In Fig. 9(b) and Fig. 9( c) , the blue lines denote the transient algorithm, and the green dashed lines denote the steady algorithm. The settling time of the angular velocity and position angle estimated errors for both the algorithms is about 4ms. It can also be seen from Fig. 9(b) and Fig. 9(c) that there are no angular velocity and position angle estimated
• .
>. . � 0
(b) angular velocity estimated error 0.02 The simulation condition is set as the same as that when F > O. The simulation waveforms are shown in Fig. 10 .
It can be seen that Fig. 10 is almost the same as Fig. 9 , so the performance index can refer to that when F > O. The transient algorithm when F = 0 can completely track upon the actual values without estimated errors in the transient state, which is superior to the steady algorithm.
VI. CONCLUSION
This paper proposes a suite of sensorless control method based on the state observer for the permanent magnet syn chronous motor (PMSM) running either in the steady state or in the transient state such as acceleration or decelera tion without phase lag. Besides, the load torque observer is designed when the load torque of the motor is unknown. Simulation results show that the designed state observer can work well both in the steady and transient states with a good anti-disturbance capability, and the transient algorithm can completely track upon the actual values without estimated errors in the transient state.
